The Thermal Infrared Sensor (TIRS) on board the Landsat Data Continuity Mission (LDCM) is a two-channel, push-broom imager that will continue Landsat thermal band measurements of the Earth. The core of the instrument consists of three Quantum Well Infrared Photodetector (QWIP) arrays whose data are combined to effectively produce a linear array of 1850 pixels for each band with a spatial resolution of approximately 100 meters and a swath width of 185 kilometers. In this push-broom configuration, each pixel may have a slightly different band shape. An on-board blackbody calibrator is used to correct each pixel. However, depending on the scene being observed, striping and other artifacts may still be present in the final data product. The science-focused mission of LDCM requires that these residual effects be understood.
INTRODUCTION
The Landsat Data Continuity Mission (LDCM) is designed to continue the 30 year legacy of the Landsat program. The Thermal Infrared Sensor (TIRS) will specifically carry on longwave thermal infrared measurements. Special importance is placed on ensuring that data is consistent with previous Landsat instruments so that long term trending analyses and comparisons can be made. One of the driving requirements for the LDCM mission is pixel-to-pixel uniformity. Previous Landsat instruments utilized a line scanner or whisk broom style architecture. For these approaches, only a handful of detectors (pixels) needed to be characterized and validated against requirements. The push-broom design of TIRS, however, presents the challenge of having thousands of detectors to characterize. These detectors are measured and calibrated during ground calibration activites before launch and will be re-checked and calibrated periodically on orbit.
are presented here. The overall goal was to determine the effect of detector band shape and atmosphere on retrieved apparent temperature for various targets. The first study focused on examining the extent of striping and other pixel-to-pixel artifacts when viewing a uniform blackbody target through various atmospheres. The intent of the second study was to determine how different band shape classes of pixels within a spectral channel affect the derived surface temperature in a realistic synthetic scene.
TIRS INSTRUMENT OVERVIEW
The TIRS instrument is a push-broom, two-channel longwave infrared imager. A four-element telescope focuses a f/1.64 beam onto the focal plane. The focal plane consists of three Quantum Well Infrared Photodetector (QWIP) [1] imaging detector arrays along with spectral filters centered at 10.8 and 12.0 μm. The arrangement of the arrays, along with the optics and spacecraft altitude, produce an instrument swath width of 185 km on the Earth. Each pixel has a ground sampling distance of less than 120 meters. The instrument also contains a scene select mirror which allows the sensor to view an on-board blackbody and a deep space view for calibration purposes without changing the nominal attitude of the LDCM spacecraft. A mechanical cryo-cooler permits the focal plane to function at its required cryogenic temperature of approximately 42 K. The heat from the instrument is dissipated by a radiator mounted to the side of the instrument structure.
Focal Plane
The TIRS portion of the LDCM mission is to image the Earth at longwave infrared wavelengths. QWIP technology is utilized to accomplish this task. The TIRS focal plane consists of three QWIP sensor chip assemblies (SCA) having 512 by 640 pixels each. For the push-broom sensor design, these arrays are carefully arranged on the focal plane to span the full 15 degree field of view of the instrument. This layout allows for approximately 70 pixels of overlap between the arrays to produce an effective linear array of 1850 pixels spanning the 185 km ground swath. Each pixel in turn covers a 100 by 100 meter spot on the ground. Spectral interference filters are placed over sections of each SCA to produce two spectral bands per SCA containing approximately 36 unvignetted rows each. For nominal on-orbit operations, two rows from each 36-row filtered region on each SCA are transmited to the ground to be constructed into a single linear array for each band. The two rows from each band may be combined to ensure that fewer than 0.1% of the pixels in each band do not meet performance requirements.
Spectral Response
The spectral response of TIRS is required to span 10.5 to 12.3 μm in order to be consistent with previous Landsat thermal band instruments. The spectral response function of the QWIP arrays peaks at approximately 11 μm with a full-width half-max (FWHM) bandwidth of approximately 2.5 μm. To produce the dual thermal channels, spectral filters are placed over certain areas of the QWIP arrays. The spectral response of these filters are tailored to produce the desired band responses when combined with the QWIP response. One spectral channel is centered at 10.9 μm and has a 0.6 μm bandwidth (FWHM). The second channel is centered at 12.0 μm and has a 1.0 μm bandwidth. The average QWIP response along with the spectral filter and composite band responses are illustrated in Figure 1 
Spectral Requirements
The spectral band shape requirements are designed to provide a level of spectral uniformity across the detector elements of the linear array [2] . Although each QWIP pixel and spectral filter wafer are designed to have a particular spectral response, the response will vary from pixel to pixel. Detector elements in each filtered region on each QWIP are checked against the requirements listed in Table 1 . The rows with the least number of elements failing any spectral requirement (along with noise, dark current, etc. requirements) are flagged as being the best candidates to use as operational science rows. As mentioned previously, any elements within a primary row that do not meet all requirements may be swapped with the same detectors in the secondary row for that band to create a 'perfect' linear array. The individual band responses for the detector elements for the primary candidate science rows from each band are shown in Figure 1 (b). Although nearly all detectors in these rows meet spectral requirements, the studies documented here set out to determine the residual non-uniformity caused by these pixel-to-pixel response differences.
THEORETICAL BACKGROUND
The basic function of TIRS, and other remote sensing imagers in general, is to sample an incoming radiance field and then reproduce that radiance as best as possible so that scientifically useful information can be extracted from the data. This involves understanding the radiance paths reaching the sensor as well as the process of converting the raw signal output of the sensor into absolute radiance units.
Radiometry
Radiance leaving the surface of an object consists of a self-emitted term and a reflected background term [3] . The self-emitted term consists of the Planck blackbody radiance modified by the spectral emissivity of the surface. The reflected radiance is due to background radiance downwelled onto the surface that is reflected by the surface. These concepts are expressed mathematically as
where the first term represents the self-emitted radiance and the second term represents the reflected radiance. The Planck blackbody spectral radiance is written as L BB (λ, T ) and the spectral emissivity of the surface is written as ε(λ). From Kirchhoff's assumptions for an opaque surface, the reflectance is 1 − ε(λ). Note that angular dependence is omitted for clarity.
For objects on the Earth, radiance leaving the surface propagates through the intervening column of air between the object and the sensor in orbit. The atmosphere will both attenuate and exaggerate the signal through transmission losses, τ (λ), and additive upwelling radiance, L u (λ). The radiance reaching the front of the sensor after passing through the air column is written as
The sensor then spectrally samples the incoming spectral radiance (other sensor effects are ignored in this study).
The responsivity of the sensor to each wavelength is represented by the spectral response function, R(λ). The at-sensor spectral radiance is weighted by the response function by wavelength and then integrated to arrive at an integrated band radiance for every pixel, i. This is expressed as
Calibration
To account for pixel-to-pixel response differences, a calibration process is usually performed to normalize every detector to a known radiance. The TIRS instrument carries an on-board blackbody (OBB) for this purpose. For the OBB, the radiance incident on the detectors essentially reduces down to the Planck radiance, L BB (λ), plus the thermal background due to the temperature of the instrument optics. This background radiance is subtracted off by viewing the deep space calibration port on the instrument. The OBB is viewed at various temperatures to produce a calibration curve for every detector. Since the OBB is assumed uniform, the same radiance is incident on every detector. The calibration curve then relates each detector's signal to an input radiance or blackbody temperature.
RESIDUAL STRIPING ARTIFACTS DUE TO THE ATMOSPHERE
The first study focused on determining the extent of pixel-to-pixel spectral artifacts due to slight spectral response differences among the detectors in the TIRS primary science row candidates. The term striping is used here as a general term to refer to residual signal differences between calibrated pixels when viewing a uniform radiance source. The Matlab programming environment was utilized to generate a calibration curve for each detector by relating the temperature of a blackbody to the integrated radiance for the detector via Equation (3). This essentially is a lookup table that converts the expected radiance of a pixel into an apparent temperature. Next, the spectral radiance from a blackbody is multiplied by an atmospheric transmission spectrum, τ (λ), and then added to an atmospheric path radiance, L u (λ). The atmospheric terms are generated from the MODerate spectral resolution TRANsmittance (MODTRAN) software [4] . This total radiance is then integrated with each detector's response using Equation (3). These pixel radiances are then converted to apparent temperature using the previously created calibration curves. This yields an apparent temperature for each of the 1850 pixels in a TIRS band for a particular blackbody target temperature and a particular atmosphere.
Apparent temperature data was generated for every combination of target blackbody temperature, atmospheric type, and TIRS spectral channel. Target blackbody temperatures of 260 K to 330 K in increments of 10 K along with the standard MODTRAN atmospheres of tropical, mid-latitude summer, mid-latitude winter, and sub-arctic summer were used. This produces 32 per-pixel apparent temperature cases for each spectral channel. For brevity, only two representative cases are discussed here. Several observations can be noticed in the data in Figure 2 . Overall, striping occurs when viewing a uniform source even after radiometric calibration of the detectors. This is due to the calibration being based on a uniform blackbody radiance so that a detector's signal is mapped to the incident blackbody radiance. The atmosphere introduces spectral variations in the incoming radiance field that produces a different integrated signal for a particular detector. If all detectors had the exact same spectral shape, then each one would respond in the same way to the modified input radiance. In other words, each pixel would have the same integrated signal via Equation (3). However, since every pixel has a slightly different band shape, each pixel will have a slightly different integrated signal and will thus 'sense' a slightly different apparent temperature.
The striping appears to be at a minimum for mid-latitude winter atmospheres and maximum for tropical atmospheres. This result is due to tropical atmosphere having higher transmission and path radiance effects than a mid-latitude winter atmosphere due to the warmer temperature and higher water vapor content of the tropical air which causes higher transmission losses and higher path radiances than the cooler and drier winter air. The higher transmission and path radiance effects in turn magnify the striping artifacts.
The striping also seems to be minimized for target temperatures of 270-280 K while increasing for higher or lower target temperatures. This effect is due to the contrast between the target temperature and the effective atmospheric temperature. Figure 3 illustrates top of the atmosphere spectral radiances for various target blackbody temperatures through a mid-latitude summer atmosphere via Equation (2) . Notice that spectral features in these radiances are at a minimum for a 280 K target temperature. The transmission losses are almost exactly compensated by the atmospheric path radiance. The result is an almost featureless radiance reaching the sensor. The sensor in effect sees an almost uniform radiance and therefore striping artifacts are almost non-existent.
Lastly, striping is generally larger in the 12.0 μm channel than the 10.8 μm channel. The wider bandwidth of the 12.0 μm channel (1.0 μm versus 0.6 μm) is more susceptible to spectral variations in the incoming radiance since the spectral integration in Equation (3) is taken over a larger wavelength interval. The result is an increase in pixel-to-pixel effects for the wider spectral channel.
The residual artifacts shown here are very small. With maximum standard deviations across the entire field of view of 35 mK and 57 mK for the 10.8 μm and 12.0 μm band, respectively, the TIRS spectral channels can be expected to perform very well and have minimal striping artifacts.
BAND SPECTRAL RESPONSE SHAPE EFFECTS ON A REALISTIC SCENE
Residual pixel-to-pixel striping artifacts in the TIRS spectral channels were shown to be minimal when viewing uniform blackbody targets of various temperatures through several atmospheres. To extend this analysis, the intent of the second study was to determine how different band shape classes of pixels within a band affect the derived surface temperature in a realistic synthetic scene.
Band shapes within a spectral channel of TIRS were first grouped into classes using a K-means classifier algorithm [5] . The algorithm separated out two classes of pixel band shape for each band with each class containing approximately half of the pixels for the band. The class mean band shapes are shown in Figure 4 . These band shapes were then applied to radiances from a realistic synthetic scene to study how band shape affects retrieved apparent temperatures from non-uniform and non-blackbody surface targets through various atmospheres.
The synthetic scene was generated from the Digital Imaging and Remote Sensing Image Generation (DIRSIG) simulation environment [6] provided by RIT. The scene is a representation of the Lake Tahoe region in California. Emissivity, solar insolation, and temperature data are assigned to a facetized digital elevation model of the terrain. Exposed panels of material are placed artifically in the lake to serve as uniform targets. The panels represent blackbodies, vegetation, sedimentary rock, soil, and igneous rock. In addition, the panels range in temperature from 260 K to 330 K. MODTRAN is utilized to provide atmospheric radiative transfer in the scene. A sensor model mimics the TIRS instrument by containing appropriate optical, detector, orbital motion, and pointing values. The result is a radiometrically accurate representation of the Lake Tahoe region as would be imaged by the TIRS sensor ( Figure 5 ). Note that the scene does not cover the entire field of view of TIRS. To determine the effect of the two different band shapes within a TIRS channel, each class mean band shape was applied separately to the DIRSIG scene. In addition, each band shape was run with four MODTRAN standard atmospheres assigned to the DIRSIG scene. Every combination of class mean band shape (two shapes for each TIRS channel) and MODTRAN scene atmosphere (tropical, mid-latitude summer, mid-latitude winter, and sub-arctic summer) yields 16 DIRSIG scene images. These radiance images were then converted to apparent temperature using the calibration lookup table created in Section 4. The difference (in percent) between the two resulting temperature images for a given TIRS channel and for a particular atmosphere were calculated and analyzed. The difference images are shown in Figures 6 and 7 . Brighter pixels represent large differences between the derived apparent temperature of the pixel between the two band shapes while darker pixels represent little difference between the derived temperatures.
The DIRSIG simulations highlight material types and temperatures that are most affected by the different band shape classes. Overall, the 12.0 μm channel is the most affected by the different band shapes. As shown in Section 4, this is due to the larger bandwidth being more susceptible to spectral variations in the incoming radiance. In addition, the two band shape classes in the 12.0 μm channel are more different from each other than the two band shapes of the 10.8 μm channel as seen in Figure 4 . This creates a larger apparent temperature difference between the 12.0 μm band shapes.
The mid-latitude winter atmosphere has the least affect on the temperature differences while the greatest general errors occur for the tropical atmosphere. This is due to the higher temperature and moisture in the tropical atmosphere, again confirming the results of Section 4. Higher scene temperatures produce larger temperature differences which is also consistent with the previous study.
Upon careful examination of Figures 6 and 7, differences due to the realistic materials in the scene can be noticed. For example, slighty lower emissivity materials such as igneous rock appear to be less suseptible to band shape over slightly higher emissivity materials such as grass, soil, and sedimentary rocks [7] . The somewhat lower emissivity allows a larger fraction of the atmospheric downwelling radiance to be reflected back towards the sensor. The effective contrast between the surface and the atmosphere is therefore less which leads to less perceived spectral variation for the material and thus a smaller temperature difference between band shapes. This result is similar to the effect illustrated in Figure 3 .
In general, the atmosphere has the greatest influence on the apparent temperature differences between band shapes. The spectral variation in the atmospheric transmission and path radiances cause various degrees of temperature errors depending on the shape of the sensor's spectral channel. For the TIRS sensor, the differences between the two band shape classes can be expected to produce approximately a 0.1% and a 0.2% temperature difference among various materials for a range of atmospheres for the 10.8 μm and 12.0 μm channels, respectively.
SUMMARY
The uniformity of the detectors across the field of view of the Thermal Infrared Sensor is imperative for the science-focused mission of LDCM. Careful analysis was performed to choose the best-quality QWIP arrays for the focal plane. Although multiple rows of detectors within these arrays easily meet spectral requirements, additional analysis was performed that confirmed the quality of the arrays. Tools such as MODTRAN and DIRSIG were utilized to allow studies to be conducted to determine the extent of residual striping artifacts that could be expected in a final TIRS image. When viewing a uniform blackbody field, pixel-to-pixel standard deviation can be expected to be less than 57 mK for a variety of blackbody temperatures and atmospheric types. Furthermore, apparent temperature differences between two different detector responses when viewing various material types through various atmospheres in a realistic scene can be expected to be less than 0.2%. The analysis presented here will be folded into the final selection of the primary science rows chosen for the TIRS instrument. These studies not only demonstrate the potential for the TIRS sensor, but the MODTRAN and DIRSIG simulation tools used for the studies could be applied to future instruments to determine the expected image quality before such sensors are built.
